Background: An engineered glove measuring finger motor performance previously showed ability to discriminate early-stage multiple sclerosis (MS) patients from healthy controls (HCs). Radiologically isolated syndrome (RIS) classifies asymptomatic subjects with brain magnetic resonance imaging (MRI) abnormalities suggestive of multiple sclerosis. Methods: Seventeen asymptomatic subjects with RIS and 17 HCs were assessed. They performed finger-to-thumb opposition sequences at their maximal velocity, metronome-paced bimanual movements and conventional and diffusion tensor MRI. Results: Subjects with RIS showed lower (P = 0.005) maximal velocity and higher (P = 0.006) bimanual coordination impairment than HCs. In RIS, bimanual coordination correlated with T2-lesion volume, fractional anisotropy and radial diffusivity in the white matter. Conclusions: These findings point out the relevance of fine hand measures as a robust marker of subclinical disability.
Introduction
An engineered glove has been proposed in recent studies [1] [2] [3] [4] [5] [6] as a simple, quantitative and objective tool to assess motor performance during finger-to-thumb opposition movements. This paraclinical tool provided reproducible measures of motor behavior [1] that were able to discriminate motor performances between healthy controls (HCs) and multiple sclerosis (MS) patients even at early disease stages [2] . Overall, these studies suggest that the measures provided by the engineered glove might show enough sensitivity to detect subclinical impairment otherwise unveiled by the commonly adopted clinical scales [2] .
The term 'radiologically isolated syndrome' (RIS) has been introduced to describe asymptomatic subjects with brain magnetic resonance imaging (MRI) abnormalities suggestive of MS who lack historical accounts of prior demyelinating events or an identifiable better reason for the observed changes [3] . The natural course of RIS is largely unknown and difficulties exist in providing recommendations for the management of these asymptomatic subjects. In this context, robust markers of disease status and progression are warranted [4, 5] .
Against this background, it was decided to quantitatively evaluate finger motor performance in a cohort of RIS subjects by means of the engineered glove used in previous studies. The aims were (i) to assess differences in finger motor performance between these asymptomatic subjects and HCs and (ii) to assess associations of finger motor performance measures with clinical and MRI measures in RIS subjects. To achieve these goals, two groups of RIS subjects and age-and sex-matched HCs were asked to perform a repetitive finger-to-thumb opposition sequence and to undergo an MRI examination.
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Methods

Subjects
Seventeen subjects (11 females and six males; age 38.2 AE 10.5 years) with a diagnosis of RIS according to the Okuda criteria [3] , i.e. the presence of white matter (WM) lesions with a pattern similar to MS and no previous remitting clinical symptoms consistent with neurological dysfunction of the central nervous system, were consecutively enrolled. In each subject, the diagnostic MRI examination was performed up to 2 years before study entry. At the time of diagnosis and study entry, RIS subjects could still be classified as RIS according to both the Okuda criteria [3] and the MAGNIMS guidelines [6] . An additional neurological examination was performed at study entry on each subject by two different neurologists (MLS and NDS) to confirm the diagnosis of RIS. Table 1 summarizes the demographic and clinical characteristics of RIS subjects.
For comparisons, 17 age-and sex-matched HCs (11 females and six males; age 37.2 AE 10 years) were also included. They were recruited on a voluntary basis amongst students, researchers and employees of the University and the Hospital of Siena and persons accompanying the RIS subjects (excluding relatives). None of them had a history of neurological or psychiatric disorders or use of psychoactive drugs.
All subjects were right-handed according to a modified Italian-translated Edinburgh Handedness Inventory [7] and naive to the purpose of this study.
The study received approval by the local ethics committee (Azienda Ospedaliera Universitaria Senese), and informed written consent was obtained from all subjects.
Finger motor performance assessment
All subjects were asked to perform a repetitive fingerto-thumb opposition sequence (index, medium, ring and little finger) with their dominant hand at maximal velocity and with the two hands simultaneously at a frequency of 2 Hz paced by a metronome. They wore a sensor-engineered glove (GAS, ETT s.p.a., Italy, Fig. 1 ) on both hands to quantitatively assess finger motor performance [1, 2] . Data were acquired at 1 kHz with a data acquisition board (USB-1208FS, Measurement Computing, Norton, MA, USA). An ad hoc software tool generated the acoustic pacing signal, delivered to the subjects through isolation headphones, and recorded the occurrence of each tone and of each finger touch in the motor sequence. The testing session included one 60-s trial per condition. Before actual recording, a brief familiarization phase was designed in which the subjects practised the task at their own spontaneous pace until they were able to perform the finger motor sequence without errors.
The following parameters were calculated and averaged on each trial: movement RATE in the maximal velocity condition (i.e. the number of touches per second) and Inter Hand Interval (IHI) for the bimanual trial (i.e. the absolute time difference between the touch onset occurring in the left hand and the corresponding touch in the right hand). According to this definition, the larger the IHI value is, the more severe is the impairment in bimanual coordination [8] .
Magnetic resonance imaging data acquisition and analysis
All subjects underwent brain MRI examination at the MR center of the University of Siena using a Philips Gyroscan operating at 1.5 T (Philips Medical Systems, Best, The Netherlands) on the same day as the glove experiment. The MRI protocol included the following sequences, acquired in the axial plane parallel to the bicommissural line: dual-echo, turbo spin-echo [repetition time (TR)/echo time 1 (TE1)/TE2 = 2075/30/ 90 ms, voxel size 1 9 1 9 3 mm, no gap] yielding proton density and T 2 -weighted images; fluid attenuated inversion recovery (TR = 9000 ms, TE = 150 ms, inversion recovery delay 2725 ms, voxel size 1 9 1 9 3 mm, no gap); diffusion tensor imaging (DTI) data consisting of echo planar images (TR = 8500 ms, TE = 100 ms, voxel size 2.5 mm 3 ), with diffusion gradients applied in 32 directions and b value = 1000 s 9 mm
À2
. For RIS subjects, T 2 -weighted lesion volume (T2LV) was performed after labeling WM lesions using a semi-automated segmentation technique with user-supervised local thresholding (Jim 4.0, Xinapse System, Leicester, UK).
Diffusion tensor imaging was used for investigating the microstructural properties of the WM tracts between RIS subjects and HCs [9, 10] . A diffusion tensor model [11] was applied at each voxel, after correcting for MRI eddy-current-induced distortions and subject movement, using the FMRIB's Diffusion Toolbox included in FSL [12] . Then, DTI images were obtained from the resulting diffusion tensor eigenvalues: fractional anisotropy (FA), axial diffusivity (AD, i.e. the primary eigenvalue) and radial diffusivity (RD, i.e. the average of the two smallest eigenvalues). Tract-based spatial statistics (TBSS) was used [13] to create, in standard space (FMRIB58_FA) with nonlinear registration (FNIRT), a group mean FA image which was thinned in order to obtain a mean FA 'skeleton' (thresholded at FA >0.2), which represents the centers of all WM tracts common to the study groups. Aligned FA data from all study subjects were then projected onto this WM skeleton. TBSS was also applied to the AD and RD images using FA images for nonlinear registration, skeletonization and projection stages. Average values of FA, AD and RD were then calculated across the whole WM skeleton.
Statistical analysis
Inter Hand Interval and T2LV were log-transformed to adjust for their skewed distribution. Since the normality assumption, tested by the Kolmogorov-Smirnov test, was satisfied for all the analyzed variables, the Student t test was used to assess between-group differences in the parameters obtained with the glove system and from DTI analysis. The finger motor performance parameters and MRI measures were then entered in a stepwise logistic regression model with RIS/HC group as the dependent variable and adjusted for age, to find the parameters that were independently able to discriminate RIS subjects from HCs. Correlations between finger motor performance parameters and MRI variables in RIS subjects were assessed by the Pearson's correlation coefficient. Due to the exploratory nature of this study, no correction for multiple testing was performed. Data are reported as mean AE standard deviation. A non-parametric analysis was also carried out to assess the group differences and the correlations mitigating the possible effects of outliers (Mann-Whitney test and Spearman rank correlation coefficient).
Results
As shown in Fig. 2 , worse finger motor performance as assessed by the glove was found in RIS subjects with respect to HCs: RATE in the maximal velocity condition was significantly lower (2.6 AE 0.5 Hz vs. 3.4 AE 0.9 Hz, P = 0.005; Fig. 2a ) and IHI higher (25.6 AE 10.2 ms vs. 17.5 AE 6.4 ms, P = 0.006; Fig. 2b ), indicating movement slowing and bimanual coordination impairment, respectively. The values of the finger motor performance parameters are reported in Table 2 .
Diffusion tensor imaging-derived parameters were altered in RIS subjects with respect to HCs, with FA decrease (0.419 AE 0.025 vs. 0.436 AE 0.011, P = 0.02) and an increase of diffusivities (AD, 1.13 AE 0.024 9 10 À3 vs. 1.11 AE 0.025 9 10 À3 mm 2 /s, P = 0.038; RD, 0.583 AE 0.037 9 10 À3 vs. 0.552 AE 0.019 9 10 À3 mm 2 /s, P = 0.005).
On multivariate analysis, RD from DTI analysis (odds ratio 1.1, P = 0.01) and RATE as measured by the glove (odds ratio 0.68, P = 0.02) were independently retained in the model, providing a marked discrimination of RIS subjects from HCs (C index 92%).
Furthermore, in RIS subjects IHI showed a trend towards moderate correlations with T2LV (r = 0.38, P = 0.14, Fig. 3a) and AD (r = 0.42, P = 0.09, Fig. 3d ), whilst the correlation was stronger and significant with FA (r = À0.54, P = 0.025, Fig. 3b ) and RD (r = 0.64, P = 0.006, Fig. 3c ). In HCs, no correlation was found between IHI and MRI measures. The difference in the correlation strength between RIS subjects and HCs was significant for both FA and RD (P for interaction: FA = 0.017 and RD = 0.002). The non-parametric analysis gave similar results.
When considering only the subgroup of RIS subjects who could be classified as subclinical MS according to the recent MAGNIMS guidelines [i.e. subjects who were positive for at least one amongst dissemination in time (DIT) of lesions, cerebrospinal fluid (CSF) and spinal MRI measures, n = 11, Table 1 ], worse finger motor performance as assessed by the glove was confirmed. Moreover, in this subgroup the correlations of IHI with T2LV (r = 0.68, P = 0.03), AD (r = 0.60, P = 0.05), FA (r = À0.64, P = 0.035) and RD (r = 0.79, P = 0.004) were much closer than those seen in the whole RIS group.
Discussion
In the present work, the finger motor performance parameters measured by an engineered glove were evaluated by assessing complex and integrated hand motor function in two groups of subjects (i.e. RIS and HCs) with no clinical impairment. Notwithstanding the relatively small sample size, the results showed significantly altered motor performance in the group of RIS subjects, suggesting subclinical movement slowing and bimanual coordination deficit in these asymptomatic subjects with demyelinating lesions on brain MRI. This impairment was related to diffuse microstructural WM damage, as detected by DTI.
Upper limb impairment is a relevant cause of disability in MS people although it is somehow neglected in the routinely used Expanded Disability Status Scale (EDSS) [14] which, in contrast, is heavily weighted on lower motor function and gait ability. The importance of addressing upper limb function in MS has been increasingly recognized, stressing the relevance of assessing upper motor neuron lesions (particularly in the non-dominant limb [15] ) and underlying the fact that MS patients report restrictions related to fine hand use, including coordination problems, which may impair daily living activities and thus decrease quality of life [16, 17] .
Since finger opposition movements are the foundation for manipulating objects, they are essential in daily living activities. Generally, healthy subjects are able to generate and maintain self-paced rhythmic movement sequences and to synchronize them with external cues, engaging different neural pathways. Also, bimanual coordination is an important component of motor hand function and is made possible by proper inter-hemispheric communication [8] . The results of our study show that both abilities might be impaired even in asymptomatic subjects such as RIS. This is in line with the diffuse microstructural WM damage previously reported in the same RIS subjects [18] . Interestingly, in the present study, bimanual coordination of RIS subjects significantly correlated with radial diffusivity, a proxy for myelin content.
Finally, it is intriguing that, when only the subgroup of RIS subjects who could be classified as subclinical MS according to the recent MAGNIMS guidelines was considered (i.e. subjects who were positive for at least one amongst DIT of lesions, CSF and spinal MRI measures, n = 11, Table 1 ), all correlations between finger motor performance as assessed by the glove and the MRI metrics were stronger, suggesting that a stratification of RIS subjects for those who are more likely to become MS could further improve the relevance of the ability of the engineered glove in assessing upper limb motor performance in early MS.
There are limitations to this study. One limitation is certainly the cross-sectional design, which provides only a 'snapshot' of the subclinical motor impairment in RIS. However, a follow-up study is planned to assess whether the glove parameters can predict patients who will experience the first clinical event.
Another limitation lies in the relatively small sample size, which is somehow justified by the low prevalence of RIS [19] .
In conclusion, it is believed that quantifying different aspects of hand motor performance may help clinicians to better delineate upper limb rehabilitation strategies in MS. In this respect, outcome measures that are free from 'ceiling' effects and reveal impairments early in the disease course are warranted. The findings reported here are consistent with this and point out the importance of including quantitative evaluation of fine motor performance to provide a more appropriate assessment of the pathological condition even in subjects at a subclinical disease stage.
